Occlusive thrombus was produced by thrombin-induced coagulation in the left anterior descending coronary artery (LAD) of 16 open-chest baboons. In six control animals, occlusive thrombosis persisting over a period of 4 h as evidenced by coronary arteriography resulted in large transmural infarction (63.1±3.5% of the perfusion area). In 10 animals, tissue-type plasminogen activator obtained by recombinant DNA technology (rt-PA) was infused systemically at a rate of 1,000 IU (10 isg)/kg per min for 30 min after 30-80 min of coronary thrombosis. Reperfusion occurred within 30 min in nine animals. In one animal, intravenous infusion was followed by an intracoronary infusion at the same rate, which resulted in thrombolysis within 8 min. In the rt-PA group, mean duration of occlusion before reperfusion was 77±24 min. Reocclusion occurred in one animal. Recanalization resulted in an overall reduction of infarct size (37.8±5.9%, P < 0.05 versus controls). Residual infarction was related to the duration of occlusion (r = 0.80, P < 0.01). Reperfusion was associated with reduced reflow. Myocardial blood flow in the perfusion area of the LAD was only 70% of normal after 4 h despite perfect angiographic refilling.
Introduction
Despite the multifactorial pathogenesis of transmural myocardial infarction, coronary thrombosis seems to be the final common pathway converting chronic coronary artery disease to acute infarction (1) . Indeed, coronary thrombosis was demonstrated by arteriography and confirmed by surgical exploration within 6 h from the onset of symptoms of transmural infarction in -80% of the patients (1) . Consequently, thrombolytic therapy of acute myocardial infarction is now extensively investigated as a way to improve myocardial function, and possibly decrease cardiac mortality.
Therapeutic thrombolysis can be achieved by agents that activate endogenous plasminogen to plasmin. However, the available plasminogen activators urokinase and streptokinase have a strong systemic lytic effect, which results in breakdown of the hemostatic system and a bleeding tendency. Tissue-type plasminogen activator (t-PA)' was recently obtained in significant amounts from the culture medium of a human melanoma cell line (2) . This activator requires fibrin as a cofactor for plasminogen activation and thus induces thrombolysis with minimal systemic lytic effect. Using this material, Bergmann et al. (3) showed that systemic infusion in dogs resulted in rapid thrombolysis of a coronary thrombus and reduction of metabolically compromised myocardium.
Pennica et al. (4) cloned and expressed the t-PA gene, and Van de Werf et al. (5) and Gold et al. (6) demonstrated that the recombinant tissue-type plasminogen activator (rt-PA) had thrombolytic activities similar to the natural t-PA in dogs with experimental occlusive coronary thrombosis.
In this study, we used a primate species (baboon) to establish whether high-dose systemic infusion of rt-PA can induce coronary thrombolysis without being associated with systemic fibrinolytic activation, and to evaluate the beneficial effect of reperfusion on the ischemic ventricle. Therefore, coronary angiography was supplemented with measurements of regional myocardial blood flow and determination of infarct size 4 inserted into the left atrium to measure left atrial pressure and to inject tracer microspheres (TM) (NEN Chemicals GmbH, Dreieich, W. Germany). For calibrating the TM values, arterial blood was withdrawn at a constant speed from the descending aorta using a multispeed transmission pump (Harvard Apparatus Co., Inc., S. Natick, MA). The left anterior descending coronary artery (LAD) was dissected free over a small segment to produce a coronary thrombosis as described below.
As hemodynamic parameters, systolic and diastolic aortic pressure (AoP), left atrial pressure (LAP), electrocardiogram lead II, and heart rate were registered on a multichannel recorder (Siemens Corp., Iselin, NJ) throughout the experiment.
Experimental protocol. 10 min after sternotomy and preparation of the LAD, but before coronary thrombosis, a first injection of TM was made in the left atrium. Thereafter, a 1-cm-long LAD segment was ligated at its proximal and distal end using 7/0 prolene snares, and thrombin (-O 10 M of 100 NIH U/ml) was injected in the isolated vessel segment. The segment was repeatedly crushed with small forceps. This resulted in a localized thrombus occluding the LAD. After 15 min the prolene snares were released and coronary angiography was performed to confirm complete obstruction of the LAD. 20 min after LAD occlusion, a second TM injection was made for the quantitation of regional myocardial blood flow. Between 30 and 80 min after coronary thrombosis, rt-PA (1,000 IU . kg-' min') was infused for 30 min via the right brachial vein in 10 baboons (see Table I ). Control coronary angiography was performed at 10-min intervals. Upon complete recanalization of the LAD, a third injection of TM was made. Immediately after thrombolysis, the animals were heparinized to prevent rethrombosis. During the rt-PA infusion, blood samples were collected from the left brachial vein into 0.01 M citrate to determine fibrinogen, plasminogen, a2-antiplasmin, and t-PA level as previously described (7). Thrombolysis was complete within 30 min in 9 of the 10 animals. In the baboon with remaining occlusive thrombus, rt-PA was further infused in the left coronary ostium via the Sones catheter. The other six baboons served as controls. They underwent the same experimental procedure except for the rt-PA infusion. They were heparinized 60 min after LAD occlusion.
During LAD occlusion and/or reperfusion, all animals received 50 Mg.-kg-' lidocain (xylocain; Astra Scientific International, Inc., Santa Clara, CA) intravenously. 4 h after acute occlusion of the LAD, a fourth TM injection was made in all animals and a final coronary angiography was performed. Then the animals were sacrificed by an overdose of pentobarbital and the heart was removed. Both left and right coronary ostia were cannulated as well as the LAD distal from the site of thrombosis. The LAD area was perfused with Ringer's 
Results
Coronary angiographic findings. Coronary thrombolysis was achieved in all 10 baboons that received rt-PA (Table I) . Angiographic evidence of clot lysis with complete reopening of the LAD was seen in 9 out of 10 animals during the 30-min period of systemic rt-PA infusion. In one animal, thrombolysis was not achieved within the 30-min period of intravenous rt-PA infusion but occurred within 8 min of subsequent intracoronary administration. Reocclusion of the LAD occurred in one experiment. Fig. 1 shows angiographic evidence of thrombolysis in a typical experiment. In the control group, complete occlusion of the LAD persisted throughout the experiment in all six animals.
Regional myocardial blood flow (MBF) . Acute occlusion of the LAD resulted in a severe reduction of myocardial blood flow in its perfusion area (Fig. 2) . This relatively low collateral flow (15.6 and 15.7% of flow to the non-occluded area in the two groups) persisted in the control group with permanent LAD occlusion (Fig. 2) . Lysis of the coronary thrombus that occurred after 77 min (between 38 and 108 min) resulted in a reactive hyperemia in the LAD area in the majority of animals. In two baboons, however, severely reduced reflow was found. For the group as a whole (the animal that developed reocclusion was excluded), mean myocardial blood flow in the LAD area was 147 ml * min-' 100 g-' vs. 158 ml min-' -100 g in the non-LAD area (Fig. 2) . 2.5 h later, however, reduced reflow was found in six out of nine animals despite perfect angiographic refilling. The ratio of MBF in the LAD region versus the non-LAD region was only 70%.
Effects ofreperfusion on infarct size. Occlusion of the LAD for 4 h resulted in large transmural infarction in all control baboons. The mean percentage of the perfusion area of the occluded artery showing infarction (I/P) was 63.1±3.5% (SEM).
In the reperfused baboons, the percent of infarcted tissue was significantly lower than in the controls: 37.8±8.9% (P < 0.05) (Fig. 3) . A significant correlation was found between residual infarction (I/P) and the duration of coronary artery occlusion (r = 0.80, P < 0.01) (Fig. 4) . The animal that developed a reocclusion had an infarct size of 48% and was excluded from the results of the reperfused group. Cross sections of the heart of a control and a reperfused baboon are shown in Fig. 5 . In the controls, none of the infarctions were hemorrhagic (Table II) Group with rt-PA infusion (n = 9). The results represent mean±SEM. Asterisks indicate significant changes from the corresponding MBF in the control region (*P < 0.05; **P < 0.005; ***P < 0.001). Open bars, control region; hatched bars, area at risk (LAD).
baboons, the occurrence of postreperfusion myocardial infarction was directly related to the duration of occlusion. After 68 min of LAD thrombosis, reperfusion induced hemorrhage in six out of seven animals. Also, the extent of hemorrhage increased proportionally with the duration of occlusion (Table  II) . Characteristically, the hemorrhage was located in the midwall and never extended outside the infarct into viable myocardium. In fact, the infarction was never transmural in the reperfusion baboons. It was always located in the midwall, either very patchy in animals with short occlusion times or more homogeneous in those with longer occlusion times. The volume of the perfusion area of the occluded artery (P/LV) was not different between the rt-PA group (27.6±2.4%) and the control group (24.3±1.5%) (P > 0.05). Hemodynamic changes. In the animals with permanent LAD occlusion, the main hemodynamic parameters (heart rate, AoP, and LAP) remained essentially unchanged throughout the experiment (Fig. 6 ). In the reperfused baboons, heart rate and mean AoP decreased slightly after thrombolysis, but this decrease did not seem to be hemodynamically relevant. In the reperfused animals, the incidence of arrhythmias (ventricular ectopic beats, runs of ventricular tachycardia) was higher than in the group with permanent LAD occlusion.
Throughout the experiments, blood pH, pO2, pCO2, HCO3, and total CO2 were kept within normal limits. Changes in hemostatic parameters. During infusion of rt-PA, a steady-state plasma level of 550±70 ng/ml was maintained. However, this was not associated with systemic fibrinolytic activation because after the infusion, the fibrinogen, the a2-antiplasmin, and the plasminogen levels had not significantly changed compared with the control group (Fig. 7) . systemic fibrinolytic effects. The results indicate that timely reopening of an occluded coronary thrombus has a profound beneficial effect on infarct size. Indeed, there seems to be a good correlation (r = 0.80) between time to reperfusion and infarct size. Consequently, our results may be relevant for the thrombolytic therapy in patients with evolving myocardial infarction.
The preservation of ischemic myocardium by early revascularization in animal models is a controversial issue (10) (11) (12) (13) (14) (15) (16) (17) . Variability in experimental results may be due to many factors, including differences in collateral flow within (18) and between
Discussion
This report confirms and extends to primates the finding that rt-PA can produce coronary thrombolysis without significant species (19) , variable duration of the occlusion, and different methods of determining infarct size. The duration of coronary occlusion, after which reperfusion results in salvage of ischemic myocardium, seems to be species related. In dogs, reperfusion as early as 3 h resulted in a decrease of ultimate infarction in the majority of reports (10) (11) (12) (13) (14) , but revascularization after 5 h or later produced either extension of infarction by hemorrhage (15) or no significant change in infarct size (13) (14) (15) . Collateral circulation in pigs is less extensive than in dogs (19) , and an equivalent coronary occlusion producing primarily a subendocardial infarction in the dog, results in a transmural infarct in the pig (20) . In contrast to reperfusion in dogs, reperfusion 3 h after coronary artery occlusion in pigs does not result in any salvage of the area at risk (16, 17) . We studied baboons because their coronary anatomy closely resembles that of man (21, 22) . Thrombolysis was started 30 min to 1 h after occlusion. Significantly longer occlusion times resulted in extensive myocardial necrosis, even when reperfusion was established. To determine infarct size, we used TTC as a staining technique in a perfusion system to delineate necrotic from viable tissue (23, 24) . We found a considerable salvage of myocardium at risk after 38-108 min of coronary occlusion and subsequent reperfusion with rt-PA. This agrees with the results of Geary (25), who found an infarct size of 50% in baboons reperfused after 2 h of LAD occlusion, in contrast with 94% in a control group with permanent occlusion. Smith et al. (26) also showed that 50% of acutely injured myocardium was salvaged with reperfusion after 2 h of LAD occlusion in monkeys. These authors observed large areas of patchy necrosis surrounding a central infarct. The areas with patchy infarction decreased progressively when reperfusion was postponed from 1 to 6 h of occlusion while the central zone of infarction gradually augmented. Also, in our study, a clear correlation exists between residual infarction and the duration of occlusion. Recanalization must occur within 90 min of coronary artery occlusion to reduce residual infarct size.
Reperfusion induced macroscopically visible myocardial hemorrhage in the majority of animals in our study. However, the extent of hemorrhage was directly related to the duration of occlusion: significant hemorrhage occurred only in reperfused baboons with coronary occlusion extending beyond 60 min. The extent of hemorrhage increased with increasing occlusion times. This agrees with the findings of Capone et al. (27) , who studied myocardial hemorrhage after coronary reperfusion in pigs. In our study, macroscopic assessment of left ventricular slices revealed that hemorrhage was always confined to the zones of necrosis. Several other investigators, using more sophisticated markers of vascular injury and hemorrhage such as the injection of Cr-5 1-labeled erythrocytes (28) or colloidal carbon suspension (29) , or the measurement of tissue hemoglobin concentration (30) , also reported that hemorrhage was located within the area of infarction and never extended outside the necrotic zone into viable myocardium. Thus, hemorrhage seems to represent a hallmark of irreversibly damaged tissue. Furthermore, intramyocardial hemorrhage does not affect the healing process of myocardial infarction, in terms of collagen formation (30) .
We measured regional myocardial blood flow using the microsphere technique. The limitations of this technique have previously been well reviewed (8) . Special problems related to flow studies in infarcted regions include microsphere loss with 88 Flameng, Van de Werf, Vanhaecke, Verstraete, and Collen time and swelling of the infarcted region leading to slight underestimation of flow (31) . This is also seen in our experiments. The ratio between MBF to the LAD area and the non-LAD area is below 90% for the pre-ischemic TM injection. Early reflow after thrombolysis showed a reactive hyperemic response in the LAD area in all but two reperfused animals. The so-called "no reflow phenomenon," however, which accompanies reperfusion after 2, 6, and 24 h of occlusion in the dog (13) , was also observed in six out of nine baboons when measured 150 min after thrombolysis and despite perfect angiographic refilling.
Our finding that reperfusion causes abnormalities in hemodynamics during the first hours ofrecanalization is consistent with the findings of other investigators (25, 26, 32, 33) . Heyndrickx (34) reported that in dogs subjected to only 15-min periods of occlusion followed by reperfusion, regional function in the ischemic zone may take up to 6 h to normalize. The mechanism by which this depression in contractility occurs has not been clarified.
In accordance with several earlier studies (3, (5) (6) (7) (35) (36) (37) , thrombolysis with rt-PA was not associated with breakdown of the hemostatic system nor with clinically evident bleeding from surgical wounds.
The present results confirm and extend our earlier findings that systemic infusion of rt-PA induces coronary thrombolysis without significant side effects and with salvage of myocardial tissue. Therefore, this substance offers promise for effective and safe thrombolytic therapy of acute myocardial infarction in man.
